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Evaluated Theoretical Cross Section Data for Charge Exchange of Multiply 
Charged Ions with Atoms. I. Hydrogen Atom-Fully Stripped Ion Systems 

R. K. Janev,a) B. H. Bransden,b) and J. W. Gallagher 

Joint Institute/or Laboratory Astrophysics, University o/Colorado and National Bureau o/Standards, Boulder, Colorado 80309 

The existing theoretical cross section data for the charge exchange process of multiply 
charged fully stripped ions with hydrogen atoms are evaluated in the energy range from 
,...., 10 e V lu to ,...., 103 ke V lu. The evaluation has been performed on the basis of both pure 

-lheor-eticaLar-guments-and-comparison-with-the-most--accur-ate-experimental-er-Oss-sec
tions. The ionic charge state ranges from Z = 2 to Z = 54. The theoretical methods for 
calculation of the charge exchange cross sections are briefly discussed, and their regions of 
validity and the accuracy of the produced data are assessed. 

Key words: charge exchange; cross sections; hydrogen atom; fully stripped ions; multiply charged. 
ions. 
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1. Introduction 
The collision processes of multiply charged ions with 

atoms play an important part in many high temperature lab
oratory and astrophysical plasmas. Am()ng them, the charge 
exchange process is of special importance, because for a wide 
range of collision energies it is a dominant process (with the 
highest cross section) and because it leads to the creation of 
excited (radiating) reaction products. The charge exchange 
cross sectIons of multiply charged ions are needed for model
ing and diagnostIcs of high temperature plasmas, in particu
lar of the tokamak type of fusion plasmas, where multiply 
charged ions are present as impurities. 

In view of the important practical implications of the 
charge exchange of multiply charged ions with atoms, exten
sive investigations of this process, both experimental and 
theoretical, have been carried out in the past decade. The 
results of these investigations have been presented in several 
review articles. 1-4 Theoretical studies of this process have led 
to important developments of the underlying collision dy
namics and to the accumulation of a significant amount of 
cross section data. A critical analysis of these data, as well as 
of the methods used for their production, is now a necessary 
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step, which will be helpful in the practical use of the data and 
the methods. 

The present paper attempts to provide such an analysis 
of the theoretical methods and cross section data for charge· 
exchange reactions between hydrogen atoms and completely 
stripped ions. 

H(ls)+AZ+~H+ +A(Z-l)+(nfm), (1) 

where n, t, m are the usual quantum numbers of the captured 
electron and Z is the ionic charge. Our objectives are the 
following: (1) to assess the intrinsic strengths and limitations 
of various theoretical methods currently used for charge ex
change cross section calculations with multiply charged ions 
and thereby define the regions of their validity with respect 
to the collision velocity and ionic charge, (2) on the basis of 

. these assessments and by comparison with experimental 
data (when such data exist), to evaluate the existing theoreti
cal cross section data, and (3) to present the most accurate 
data in a form useful for practical applications. The energies 
in this paper are quoted in the form of the laboratory energy 
of the ion (E) in eV (or keY or MeV) divided by the mass of 
the ion (M) expressed in atomic mass units (u). The energy 
range covered is from ...... 10 eV lu to ,...., 1 MeV lu, in which 
almost all of the calculations have been done and which is the 
chief region of practical importance. 

829 

In two forthcoming papers, we shall present evaluated 
theoretical cross section data for the reaction of hydrogen 
atoms with incompletely stripped ions and for atoms other 
than hydrogen with arbitrarily stripped ions. 

The importance of· an evaluated compilation of the 
theoretical charge exchange cross section data stems from 
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the lack of experimental data for many atomic and/or ionic 
species. Even when such data exist they usually cover a rath
er restricted energy range. 

2. Theoretical Methods for Charge 
Exchange: Validity Regions and Accuracies 

The collision dynamics of a charge exchange process 
depend on the relative velocity of the colliding particles v and 
the ionic charge Z. With respect to the parameter v,it is 
useful to distinguish three broad regions: v S; vo (vo 
= e2/fz = 2.19.108 cm/s is the velocity of the electron in the 
ground-state hydrogen atom);v ~ v~~-an:d-v>v~~lneach of 
these velocity regions, different groups of theoretical meth
ods have been developed to describe the charge exchange 
process. Below, we shall analyze these methods briefly from 
the point of view of their regions of validity with emphasis on 
the accuracy they can provide in the cross section calcula
tions. The laboratory collision energy per nucleon is related 
to the collision velocity v by E / M = 25(v/VO)2 (keY IU). 

2.1. Low-Energy Methods 

In the low-velocity region v ~ vo, the charge exchange 
process is best described within the framework of a quasimo
lecular picture. The collision dynamics are described by a set 
of close-coupled equations obtained from an expansion of 
t1re-scattering-wavefunctionin-terms-of-molecular-orbitalst>f 
the colliding system. This method is generally referred to as 
CC-MO (close-coupling of molecular orbitals). In certain ex'" 
treme physical situations, the CC-MO method can be re
duced by the use of simplifying models. Three different ap
proaches have so far been developed and used for charge 
exchange cross section calculations in this velocity region: 
the perturbed stationary state (PSS) method,5 the multichan
nel Landau-Zener model (M -LZ)6 and different decay mod
els (DM).7-9 

a. The PSS Method 

The scattering equatioris in this method are obtained 
from an expansion of the total wave function in terms of the 
adiabatic molecular orbitals of the colliding system. The use 
of this expansion basis leads to Galilean noninvariance of the 
coupled equations, difficulties in satisfying the boundary 
conditions for the problem, nonzero coupling matrix ele
me~ts for the dipole transitions in the separated-atom limit, 
and dependence of the results on the choice of the coordinate 
system in which the matrix elements are calculated (see, e.g., 
Ref. 10). In order to overcome these difficulties, suitable 
translational phase factors must be associated with the basis 
functions, designed in such a way as to describe the electron 
momentum transfer and to· satisfy the· asymptotic condi
tions. Although many attempts have been made in this re
spect, ] ]-13 no satisfactory solution of the problem has yet 
been reached. The procedure of the variational optimization 
of the translational factors seems to be the most promis-

. ing. 10,13 However, inclusion of sophisticated translational 
factors in the basis functions leads to significant difficulties 
in numerical computations. Reduction of these difficulties 
by a simplified treatment of the problem of translational in-
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variance reduces the accuracy of the results obtained. The 
accuracy of the PSS method also depends on the number of 
states included in the basis set. A study of the very many PSS 
cross section calculations (see Sec. 4) performed with straight 
line trajectories for the nuclear motion lead to the following· 
conclusions: 

(1) If no translational factors are included, the uncer
tainty of the computed total cross sections may be of order of 
100% at vz Ivo, 20% at v~0.2vo, and less than 10% for 
v ~ O.lvo' where it i~ assumed the number of basis states is 
NzZ. 

(2) With simple translational factors (e.g., plane wave 
-phase-factors,ete-h-the-PSS method-can-prodU(~e·cross-sec
tions within a 20% accuracy for v up to ,...., 1 Vo, provided a 
basis is used which inciudes all the important couplings. 

(3) With elaborate, optimized translational factors, 
cross scctions can bc obtaincd with cxpected accuracy.bcttcr 
than 10% fot v up to -lvo. 

(4) The size of the basis required for total cross section 
calcnlation~ depend~ hoth on Z and lJ. For small Z. the num
ber of important radial couplings is restricted and for small v 
( <0.05 vol the rotational coupling plays a negligible role. For 
large values of Z, the number of important radial couplings 
is large and for an accuracy of ,..., 20% the basis should con
tain at least N zZ states. 

(5) The calculations of partial charge exchange cross 
sections (capture into a particular final n,/-state) require 
mucn largetlfasis-sets-wfiich-;-dependingon tne collision en
ergy, may range from N z 3Z to N z SZ. 

The scattering equations of the CC~MO method in the 
diabatic representation of molecular functions can be solved 

.. exactly under the following assumptions14: (1) the n- and /
dependences of the coupling matrix elements ate factorized; 
(2) the differences of the ionic diabatic potential energies do 
not depend on~t; (3) rotational coupling can be ignored. For 
the hydrogen atom~fully stripped ion system, these assump
tions are well satisfied when Z> 1 and when the collision 
velocity is low (v~ O.Svo)' This· analytical CC-MO method 
will be referred to as CC-MO-An. 

b. Multichannel Landau-Zener (M-LZ) Model 

A straightforward application of the multichannel Lan
dau-Zener (M-LZ) model6 to the charge exchange process in 
hydrogen atom-fully stripped ion system leads to a signifi
cant underestimation of the cross section in the energy re
gion below the cross section maximum and even to an incor
rect prediction of its position. This situation can be 
substantially improved if the rotational coupling between 
the degenerate Stark states in the ionic channels is taken into 
account (M-LZ-RC model).15.16 A particular limitation of 
the M-LZ-RC model is that capture into states with n>Z are 
not allowed (absence of pseudocrossing points). With in
creasing Z, however, this limitation becomes insignificant 
for the accuracy of total cross section calculations as well as 
for the partial cross sections with n close to nm zZ /2, where 
nm is the principal quantum number of the maximum popu-. 
lated ionic level in the charge transfer process. For 
O.I«v/vo)<1 and 0.8<Z<30, the assessed accuracy of the 
M-LZ-RC model is ,...,50%. 
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c. Decay Models (OM) 

Decay models {DMf-9 assume a large number of open 
reaction channels for the electron capture, densely distribut
ed in energy. The simplest version of a decay model is the 
absorbing sphere model (ASM}.7 The electron tunneling the
ories (ETT)8.9 describe the process as decay of the atomic 
state due to its interaction with a quasicontinuum of final 
ionic states. The assumptions of the decay models are best 
satisfied for 0.2vo<v<0.5vo and for large values of Z (~ 15). 
For this region of the parameters v and Z, the accuracy of 
decay models is ,....., 50% or better, and improves with increas
ing Z. Outside the above region of v and Z, the accuracy of 
BMcalcuiations ·drops-drastically~ 

2.2. Intermediate Collision Velocities 

The treatment of the charge exchange problem at inter
mediate collision velocities (vz 1-4vo) is difficult because no 
suitable expansion parameter in the theory exists for this 
region. An atomic orbital expansion of the total wave func
tion and a numerical treatment of the resulting close-cou
pled equations seems to be the most appropriate approach to 
the problem (CC-AO method). Plane wave translational fac
tors are sufficient to describe the momentum transfer effects. 
The important role that continuum states play in this region 
requires inclusion of suitable pseudostates in the expansion. 
It turns out, however, that a classical description of the pro
..cess in this-ene.r-gy-region-is-alse-adequatefer-manypurpeses.---

a. CC-AO Method 

The basis set for the CC-AO method should contain 
atomic orbitals centered on each of the nuclei. This is espe
cially important for low Z-values. For the case of high Z, the 
basis can be reduced to a Is orbital around the proton togeth
er with the orbitals around the nucleus Z representing all the 
important final states. For v ~ 1vo' there is little difference 
between the results of the coupled multichannel calculations 
and the sum of the cross sections from two-state calculations 
in which each final state is taken in tum. For v < vo, however, 
allt:asl the degenerate levels for a given n should bc coupled 
together. The contribution from the states with n ~ Z can be . 
estimated from the Oppenheimer n-3 rule, which reduces 
the Si7.e of the CC-AO calculations. The most extensive CC
AO cross section calculations have been canied out for 
He2 + (Refs. 17-19) and C6+ (Ref. 20). 

The lower velocity limit of the validity region of the CC
AO method is not known. It is certainly valid down to 
v = 0.2vo' and good agreement between CC-MO and CC
AO calculations has been reported for C6 + for velocities 
down tu u = O.03uo' '}o At high velocities, the continuum in· 
termediate states become increasingly important, and this 
requires the introduction of pseudostates into the basis. 
Without the inc1mdon of pseudo states. the use of the CC-AO 
method can be extended up to Vz 3 - 4vo. The one and one
half center expansion,21 which employs a large basis on the 
ionic center with a simplified description of H( Is) channel, 
appears to give a good account of both ionization and charge 
exchange and promises to provide a practical method of cal
culating without any definite upper velocity limit. 

Like in the CC-MO method, the calculations of the par-

tial (n,t) cross sections by the CC-AO method require a 
much larger basis set than for the total cross section calcula
tions. 

b. Approximate Treatment of CC-AO Equations 

A sufficient basis for the charge exchange problem in 
the hydrogen atom-fully stripped ion system can be obtained 
by taking only the H( Is) orbital together with a complete set 
of orbitals representing the final (ionic) states.4 The set of 
equations formed from this basis can be approximated either 
by the unitarized distorted wave approximation 
{DDW),22=--z.ror-by an approxImate a.naIyticarsolution, ig
noring the second and higher order transition effects.25 In 
the UDW approximation, the coupling matrix elements are 
calculated in the distorted wave Born approximation, 
whereas in the second, analytical approach, they are calcu
lated in the Vainshtein-Presnyakov-Sobelman (VPS) ap
proximation. The second method will be referred to as multi- . 
channel VPS approximation (M-VPS). Neither UDW nor 
M-VPS take into account coupling with the continuum and 
so can only be used up to v $ 3-4vo. Because the omitted 
second-order terms become important at low velocities, the 
lower limit of UDW can be assessed to be Vmin ~O. 7vo, 
whereas for the M-VPS it is around Vmin "'-'O.2-O.3vo. Addi
tional assumptions involved in M-VPS limit its application 
to ions with Z ~ 10-, BotbJhesemethods tend to overestimate 
the cross sections in the regions outside of those specified 
above. 

c. Classical Methods 

Classical dynamics can also be used to calculate the 
charge exchange cross section in the intermediate velocity 
region. The classical three-body problem can be solved nu
merically (using the Monte Carlo method) by making a ran
dom selection of the initial conditions.26 This method, called 
classical-trajectory Monte Carlo method (CTMC), is able to 
provide both total and partial cross sections. Partly becausc 
of the difficulty of obtaining statistically meaningful results, 
the upper velocity limit of the CTMC method is about Vmax 

~ 3vo• while below Vn>in """-"VO' molecular effects may become 
important. The method requires high Z-values, for which 
capture into high n levels is dominant and for which the 
classical picture is more appropriate. 

A second classical model has been developed to de
scribe the over-barrier electron transitions in the H + Z sys
tem.27 For v;S Vo approximate analytical solution oftheclas
sicaltransition Pl<ouauility call be obtained and the model is 
therefore denoted by CI M-An. Since the assumption of the 
adiabatic motion of the nuclei is incorporated in CI M-An, 
its upper velocity limit is 1111141< """-'.Vo. whereas the lower limit 
vmin~0.5vo is imposed by the important quantum barrier 
penetration effects. High values of Z are required (Z ~ 15) in 
the CI M-An model in order to obtain over-barrier transi
tions in the H + Z system at v ~ 1vo. 

The accuracy obtained by the CTMC method is surpris
ingly high, while the CI M-An model is less successful an4 
tends to overestimate the cross section by a factor up to 1.5. 

J. Phys. Chern. Ref. Data, Vol. 12, No.4, 1983 
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2.3. High Velocity Region 

In the energy region under consideration, first-order 
perturbation methods for the H + Z charge exchange prob
lem. are completely inaccurate (sometimes by an order of 
magnitude). At much higher velocities, outside our region of 
interest, second-order perturbation theory provides the lead
ing contribution to the cross section, but in the region of 
interest it is likely that at least five or six terms in the pertur
bation series are required. It follows that methods which 
take into account the important higher order effects must be 
used. The accuracy offirst-order method(s) [such as the first
Born approximation (Bl), Jackson-Schiff (JS) approxima-

--Uori,-CoUloriil)::.:Born (CB)approXlmatlOn, etc.r caririor6e 
specified in any meaningful way. 

a. The Brinkmann-Kramers and Eikonal Approximations 

The first-order term in the perturbation series for 
charge exchange,' omitting the internuclear potential, pro
vides the Brinkmann-Kramers (BK) approximation. Al
though all inadequate approximation in itself, it appears to 
provide moderately accurate cross section ratios. At a given 
velocity, this ratio is 

u(n) = ( no )3, n > no, (2) 
u(no) n 

and becomes more accurate for large no, with n > no. This 

tion with the CDW method, it has not been deduced from 
the method, but it has been justified within the second-Born 
approximation for n> 1.32 The impulse approximation has 
also been applied in the high-energy region, but in general is 
less satisfactory than the CDW model. 

2.4. Resume of the Regions of Validity and 
Accuracies of Theoretical Methods 

The preceding analysis of the theoretical rnethods used 
for charge exchange cross section calculations in the hydro
gen atom-fully stripped ion system shows that two dynami
-cal parameteI"S-determineihex.egiolU)fapplicability_ofa_par
ticular method: the relative velocity v and the ionic charge Z. 
Also, some of the methods have intrinsic limitations due to 
the character of the approximations involved, while other 
methods (mainly based on MO or AO expansions) are limit
ed only by the computer time constraints. In order to classify 
the methods by the accuracy oftheir cross section results, we 
introduce the following categories of accuracy: 

Category 

(aj 
(b) 
(c) 
(d) 

Accuracy 

Better than + 20% 
±20%-±50% 
±50%-± 100% 

Worse than 100% 

expression, known as Oppenheimer's n -3 rule, is often used The -disGUssion-en-the--validit-y-r-egion-and-acc.mr-ao-y--of 
to extrapolate the results oofilmed by some othernlelliocf for---d-iffi-e---:irent methods is summarized in Table 1. 
the states with n <no, in the region n > no. A good accuracy of 
Eq. (2) is achieved for no ~ Z. 

By representing the total wave function by an eikonal 
(Glauber) approximation and using this function in the exact 
T-matrix element for the transition, all higher order terms in 
the Born series are allowed for approximately. For the 
H( Is) + Z system the cross section in this approximation 
(BK-Eik) for capture into the nth shell28

-
30 is 

~~(n) = a(n,Z,v)aBK(n), (3) 

where a(n,Z,v) is a scaling function, weakly dependent on n 
and Z, but relatively strongly dependent on v. For 
2vo<v<5vo, a varies smoothly between 0.15 and 0.4. The 
cross section for capture into individual (n/) levels can also 
be obtained. 

The BK-Eik method appears to provide reasonably ac
curate cross sections for 2vo<v<7vo. 

b. The Continuum Distorted Wave and Related Models 

In the continuum distorted wave (CDW) approxima
tion (see, e.g., Ref. 31), the interaction in the initial state, 
between the incident nucleus and the bound electron, is rep
resented by a Coulomb function; a similar approximation is 
made in the wave function representing the final state. The 
approximate transition matrix element includes contribu
tions to all higher order terms of the perturbation series and, 
in particular, an important part of the second-order term. It 
provides very accurate results for the (H + Z) system for 
v> 2.5vo, and in the limit ~ 00 , it is practically equivalent to . 
the second-Born approximation. Each partial cross section 
is calculated separately and summed to provide the total 
cross section. Although the n - 3 rule is often used in conjunc-

J. Phys. Chem. Ref. Data, Vol. 12, No.4, 1983 

3. Review of Data Sources 
The most extensive studies of the charge exchange colli

sion between hydrogen atom and completely stripped, mul
ticharged ions began about ten years ago. In the previous 
period, cross section calculations have been performed for 
low-Z ions (particularly for He2+), which subsequently have 
been superseded by more elaborate calculations within the 
same method. Moreover, the earlier data are presented in 
several review papers.33

,34 Therefore, we have chosen to 
compile and analyze the cross section data sources starting 
from· 1973. The information contained in these sources is 
present~d i~ Tabl~ 2. For each of the fully stripped ions with 
charges between Z = 2 and Z = 54 (W74+ is also included 
for completeness), the energy range, the applied method, and 
the character of the data (total or partial cross sections, or 
both) are indicated. In some cases, the applied method or the 
performed calculations are supplemented by comments 
which, together with the accuracy assessments of the meth
ods given in Table 1, may help in the estimation of accuracy 
of the data. In Table 2, we do not assign the degree ofaccura
cy of the data, since many of them are performed beyond the 
validity region of the applied method. Moreover, a more pre
cise evaluation of the data accuracy requires inclusion of 
some other criteria, and this will be done in the next section. 

4. Criteria for Evaluation of the Cross 
Section Data 

The evaluation of the accuracy of the theoretical cross 
section data specified in Table 2 has been carried out on the 
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basis of the following criteria: 
(I) degree of sophistication of the calculations within a 

given method (e.g., number of coupled states and the charac
ter of translational factors in CC methods, number of chan
nels included in the multichannel methods, account of dif
ferent couplings in the calculations, etc.); 

(2) degree of the intrinsic accuracy of the method itself, 
as specified in Table 1; 

(3) agreement with the most accurate experimental data 
for cases where such data exist. 

It should be immediately noted that the experimental 
charge exchange data for hydrogen atom-fully stripped ion 
systems-are-extremely-scarce; 0nly-for-the-H--+-He2±.-case-
(and to a lesser extent, fortheH + Li3+ case) do data exist in 
a broad energy region ( ,...., 1-200 keY lu). For B5 + experimen
tal data are restricted in the energy region from ,...., 80 to 250 
keY lu, and for C6 + they are available in the regions --0.3-
3.5 keY lu and .-100-200 keY lu. For the ions N7+ and 
OS + , experimental data are available only at restricted ener
gies. The experimental sources· which were used for data 
comparison are Refs. 42 and 76-84. The lack of sufficient 
experimental data has forced us to assess the accuracy of the 
cross section data mainly on the pure theoretical criteria (1) 
and (2). When applying these criteria to the data listed in 
Table 2, only the energy ranges which conform with the va
lidity region of the corresponding method, employed in the 
calculations, were considered. 

5. Evaluated Cross Section Data 
5.1. Total Cross Sections 

We have applied the criteria discussed in the last para
graph to evaluate all the total cross section data listed in 
Table 2. For those reactions for which comparison with ex
perimental data is possible, the best agreement is obtained 
with the results of the large-basis close-coupling calculations 
(in the low and medium energy range) and with the results of 
CTMC calculations (in the region 30-200 keY lu). 

The evaluated total cross section data having an accura
cy (a) or (b) are listed inTable 3, together with the energy 
range in which that accuracy has been attained. The data 
presented in this table may be considered as the best avail
able at present and are recommended for use in practical 
applications. The cross section data for this list for 2<Z< 14 
and Z = 18,20,26,30, 36,42, and 74 are presented graphi
cally in Figs. 1-20. The data for all Z are given in Table 4. In 
order to cover as wide an energy region as possible in the 
figures and table, we have also included data which fall in the 
accuracy category (c). In presenting these data, we have 
adopted the following criteria; 

From all the available calculations using the same 
method, only those with highest accuracy are presented; 

If several methods provide data in a given energy range. 

only those with highest accuracy are presented. 
The cross sections of the M-LZ-RC mode116,71 for all 

Z> 16 and in the energy range from 4.10-2 to 102 keY lu 
(0.004 vo<v<2vo) can be represented by the formula 

U=2.25Zln( l~Vo )XI0- 16 cm2
, (4) 

within an accuracy of 5 %. 
From our analysis ofthe existing cross section data, the 

following methods can be recommended for high accuracy 
cross section calculations [category (an: 

(I) Energy region below 25 keY lu: 
--PSSmeth-od with-a-IargeMO-oasis (N-;;:;(2-=-3)Zlanaappto
priate translational factors. 

(2) Energy region '"-' 10-400 keY lu: 
CC-AO method with a large basis (N~5Z) and plane wave 
translational factors. 

(3) Energy region above ........ 400 keY lu: 
CDW method, applied separately to a large number of final 
states [up to theprincipalshelln~(Z + 3)] and the use of the 
n -3 scaling afterwards. 

5.2. Partial Cross Sections 

Only the partial cross sections for electron capture into 
a given final principal shell n(un } have been evaluated using 
the same criteria as for the total capture cros~ sections. The 
-uncertainties -ofthe-u;;~-and -O'~t'~ --partial-cross-sectionsare-at
present high, and only a restricted number of them can be 
recommended for use. Generally, for most of the partial 
cross section data, the accuracy attained is lower than for the 
total cross section. This holds especially for the results pro
vided by the M-LZ-RC, UDW, CTMC methods. The expan
sion methods (CC~MO and CC-AO) with large basis sets and 
the CDW method are able to produce the most reliable par
tial cross sections in the energy region of their validity. 

Most of the partial cross section data have been pro-
. duced by the M-LZ-RC, UDW, and CTMC methods. The 
accuracy of 0' n data obtained by M -LZ-RC is in the category 
(b} when n ,-Z /2 and.decreases rapidly when in the differ
ence In - (Z /2)1 increases. The UDW method gives results 
of accuracy (b) for Un and Unf' when the collision velocity is 
close to v:::::::1-2vo. The accuracy of CTMC 0'" cross section 
data is highest when n is sufficiently large. The evaluation of 
the partial cross section data meets some difficulties due to 
the lack of experimental information and because of the ab
sence of clear theoretical criteria in assessing un tor many of 
the theoretical methods. We have, therefore, decided to pres
ent the existing information on 0' n in a slightly condensed 
form. The data for 0" nf' for He2+ are presented graphically in 
Figs. 21-24. For AZ+ ions (withZ<12), the existing Un data 
are presented in tabular form in Table 5, and for ions with 
Z> 13. an data are presented in Figs. 25-35. 
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Table 1. Validity Regions and Accuracy of Different Theoretical Methods for Charge Exchange 

Method 

1) PSS 

2) CC-MO-An 

3) M-LZ 

4) MLZRC 

5) ASH 

6) Jlof 

1) CC-AO 

2) M-VPS 

3) UIM 

4) CTMC 

5) C.R. M-An 

1) BK 

2) Bl 

JS, Coul-B 

3) IM 

4) BK-Eik 

5) CDW 

Velocity Range 
(vo ) 

0.01-0.5 

0.5-1 

0.OZ-0.5 

0.02-0.5 

0.020.5 

0.2-0.6 

0.2-0.6 

0.2---.3-4 

0.3- .... 3-4 

1-.... 3-4 

0.5-1 

)2 

)2 

1-.... 3-4 

2-7 

)4 

J. Phys. Chern. Ref. Data, Vol. 12, No.4, 1983 

Z-region 

all 

)10 

~5 

same 

all 

)10 

all 

all 

)10 

all 

all 

all 

all 

all 

Comments 

A. Low-energy methods 

- classical treatment of 
of nuclear motion 

- translational factors optional 

- classical treatment of 
nuclear motion 

- translational factors necessary 

- analytic mode~ 

- all states included 

- radial coupling only 

- no translational factors 

- radial coupling only 

no translational factors 

rotational coupling within 
given n included 

Accuracy 

depends on the size 
of the basis 

same as above 

(b) or (c) 

(c) or (d), v ~ 0.3 

(b) or (c), v .( 0.3 

(b). v ~ 0.1, 6 ~ Z $ 30 
(c) or (d), otherwise 

- no translational factors (b) or (c), v ~ 0.1, Z ~ 10 

- no rotational coupling 

same 

Intermediate-energy methods 

- plane wave or Coulomb 
translational factors necessary 

- unitarity preserved 

- unitarity preserved 

C. High-energy methods 

- nucleus-nucleus interaction excluded 

- incorrect asymptotic v-behavior 
of 0' 

- all interactions included 

- incorrect asymptotics 

- unitarity not preserved 

overestimates OJ (b) or 

(c), smaller v. high Z; 
(d), higher v, low Z 

same 

depends on number of 
close coupled states 

(b) or (c). v ~ 2 
(d), v > 2 

same 

(a) or (b), Z ) 6 
(c). Z {. 6 

(b) or (c) 

(d)., overestimates 
a by a factor of 

3 to 10 

unspecified 

(b) or (c). v ~ 2 
(d), v > 2.5 

(b), (c) 

(a), (b) 
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Table 2. Theoretical data for charge transfer between atomic hydrogen and fully stripped ions: 

Reference 
Energy Range Energy Methodb Comments Data (keV/u) Regiona 

H-He2+ 

48 0.25-17 L CC-MO lo-state: plane wave O't'O'nR. 
translational factors 

13 0.75-5 L CC-MO O"t ,0"nR. 
63 0.25-5 L CC-MO 12-state O't'O'nR. 
36 1.5-4000 M(R) CC-AO 8-state O't'O'nR. 

--:37- "0;-25...:.1"50 ""(L)!r 00=..\0- -S":"---and ll-etate --_._ ..... __ ._._--

O't'O'n'O'n,.t 
40 1,-50 (L)M CC::.AO no translational factors O't 

17 5-200 M CC-AO n ~ 4: 2-state at ,0ri.R. 
n > 4: n-3 low 

56 2.5-250 M CC-AO 8-state baSis 0t ,0nR. 
n ~ 3 by n-3 

61 1.5-100 (L)M CC-AO O't'O'nR. 
68 25-110 M CC-AO O't,O'~ 

70 1-50 (L)M CC-AO plane wave factors at 
(a) 8-state atomic 
(b) 19-24 Sturmian states 

73 3.5-220 M CC-AO lo-state basis for n S 3 0t ,O'n,.t 

74 3.5-220 M CC-AO 2-state for n = 4 O't,O'~ 
n-3 rule for n ~ 5 

22 0.025-200 (L)M UDW ~ 
-,."---~-

42 20-180 M CTMC at 
46 100 (M)H BK o~ 
46 100 (M)R B1 O'n,.t 
54 25-2000 (M)R B1 5-state with variational °t ,°nt 

translational factor 

55 6-200 (M)H DW· 0nR, 
59 130 {M)H B2 O't'O'n 
35 6-750 (M)H CDW °t'O'n,.t 
38 25-500 (M)R CDW O"t,O"nt 
39 625 H CDW O'~ 

58 132 (M)H CDW capture into 1 ~ n ~ 15 
illustrate departure 
from n- j rule 

to an 

H-Li3+ 

57 1-6 L CC-MO 5 states °t no translati.onal factors 

17 5-200 M CC-AO n S 4, 2-state °t,On 
n > 4. n-3 low 

67 1.4-200 (L)M CC-AO n S 3, 20 states 0t 'O'n 
n - 4, 2. states 
n > 4, n-3 rule 

72 50,100,200 M CC-AO on 
23 0.02-200 (L)M UDW at 

69 0.01-5000 (L)M(R) UW includes ionization channel °t 
40 :n .5-140 M CTMC °t 
26 37.5-140 M CTMC 'Ot 

65 50 M CTMC at 'O'n,anR, 
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Table 2. Theoretical data for charge transfer between atomic hydrogen and fully stripped ions--Continup~ 

~~=.~~ 

Reference Energy Range Energy Methodb Comments Data (keV/u) Regiona 

H-Li3+ 

64 14-300 (M)H Bl 1s,2s,2p,3s,3p,3d O't 'O'Ill 
final states 

53 1.3-258 (L)(M)H BK-Eik n = 1-7 separately 
n ~ 8, n-3 rule 

O't 

60 30-1000 (M)H BK-Eik O't 
.59- 130· {M~H· B2 O'~n 

39 625 H CDW ant 
31 28.6-286 (M)H CDW n = 1-3, separately 

n } 4, n-3 rule 
O't 

::>3 1.3-2::>ts L{M)H CDW O't 
58 132 (M)H CDW capture into 1 ~ n ~ 15 §o O'n 

illustrate departure from n- rule 

H-Be4+ 

41 0.1-20.3 L pss 3 molecular states 
no rotational coupling 

O't 

plane wave translational 
factors 

7 2.58 L ASM O't 
45 1-100 L(M) OM O't 

-4lf ---r::T31J tl CC-:=-A1f' sequence of 2-stite ·CC-; O't 
unphysical oscillations; 
plane wave translational 

factors 

17 5-200 M CC-AO n S 5; 2-st cc O't'O'n 
n > 5; n-3 low 

23 0.02-200 (L)M UDW O't 

26 37.5-140 M CTMC at 
65 50,100 M CTMC O't'O'n'O'nt 

46 100 (M)li BK n S 10 O'Ill 
46 100 (M)H B1 O'nt 

59 130 (M)H B2 O't 'O'n 
39 625 H CDW O'nt 

58 132 (M)H CDW capture into 1 ~ n { 15 §o an 
illustrate departure from n- rule 

H-B5J 

41 0.25-25 L PSS 3-states at 

23, 0.05-8 L PSS at 

66 0.5,1 L CC-MO-An n,~ - separable interaction model_ at 

16 0.49,1,10,25 L M-LZ-RC rotational coupling included 0' t,O'nt 

7 2.58 L ASM at 

45 1-100 L(M; OM at 

9 2.58,47.3 L(M) DM O't 

40 1-170 M CC-AO sequence of two-state CC O't 

17 5-200 M CC-AO n S 5, 2-state CC at 'an ,ant 
n > n-3 low 

23 0.02-200 (L)M UDW at-

J. Phys. Chem. Ref. Data, Yol. 12, No.4, 1983 
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Table 2. Theoretical data for charge transfer between atomic hydrogen and fully stripped ions--Continued 

~eference 

69 

26 

49 

65 

li 

39 

58 

52 

10 

43 

44 

66 

6 

15 

16 

71 

7 

45 

9 

40 

20 

23 

69 

26 

43 

49 

65 

47 

62 

59 

39 

58 

Energy Range 
(keV/u) 

0.01-5000 

37.5-150 

25,32,55,73 

50 

.D1L 

625 

132 

0.0625-25 

0.013-27.4 

0.05-20 

0.0625-6.25 

0.5,1 

0.04-2.8 

0.01-25 

0.04-50' 

0.1,1,10 

2.58 

1-100 

2~58,47.3 

1-180 

0.1-1 

0.02-2000 

0.01-5000 

37.5-150 

20-200 

25,33,55,76 

25,50,75,100 

50,500,5000 

40-200 

130 

500-5000 

132 

Energy 
Regiona 

(L)M(H) 

M 

M 

11 
-(M)H 

H 

(M)H 

L 

L 

L 

L 

L 

L 

L 

L 

L 

L 

L(M) 

L(M) 

M 

(L)M 

(L)M(H) 

(L)M(H) 

M 

M 

M 

M 

(M)H 
(M)H 

(M)H 

H 

(M)H 

Methodb 

H-B5+ 

UDW 

CTMC 

CTMC 

CTMC 

--B2-

COO 

CI1fl 

H-C6+ 

CC-MO 

CC-MO 

PSS 

PSS 

CC-HO-An 

M-LZ 

M-LZ-RC 

M-LZ-RC 

M-LZ-RC 

ASM 
DM 

DM 

CC-AO 

CC-AO 

UDW 

UOW 

CTMC 

CTMC 

CTMC 

CTMC 

BK-Eik 

BK-Eik 

B2 

CDW 

CW 

Comments 

capture into 1 ~ n ~ 15 jO 
illustrate departure from n- rule 

translational factors included 
nonlinear trajectories 

Qelow 1.3 keV/u 

6 molecular states; 
co~rd. origin on H+ 
rotational coupling included 

11 states; (adiabatic molecular) 
rotational coupling inclu4ed 
Coulomb trajectories f~ 
--nuClei;' 
R-adjustable translational 

factors 

Data 

at 

at 

at ,an ,anR. 

at ,C1n ,anR. 
C1 t ;-an -

C1n,t 

n,~ - separable interaction model C1 t 
rotational coupling excluded C1 t 
rotational coupling included C1 t 

at,an,a~ 

at,an 
at 

at 

at 
sequence of two-state CC at 

curved line trajectory at 

at 
includ@s iortizAtinn Rnd at 

excitation channels 

capture into 1 5 n 5 15 §o 
illustrate departure from n- rule 

at 

at. 

at,an'C1~ 

at,an,a~ 

an 

at ,an ,C1 nR. 

at,ail 

an.R., 
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Table 2. Theoretical data for charge transfer between atomic hydrogen and fully stripped ions--continued 

Reference Energy Range Energy Methodb Comments Data (keV/u) Regiona 

H-N7+ 

66 0.5;1 L CC-MO-An (n,1) separable interaction model at 
6 0.028-2.8 L M-LZ rotational coupling excluded at 

16 0.49,1,10,25 L M-LZ-RC rotational coupling included 0t ,on 

71 0.01-100 L(M) M-LZ-RC rotational coupling included at 
1 2.58. L_ . ASM_ -of-

45 1-100 L(M) DM °t 
9 2.58,47.3 L(M) DM °t 

40 1-200 M CC-AO sequence of 2-state CC °t 
20 37.5-150 M CTMC EYt 
65 50 M CTMC °t,O~'°nt 

39 625 H CDW ant 

H-08+ 

66 0.5,1- L CC-MO (n,1) separable interaction model °t 
75 0.01-35 L CC-MO 33 states 0t ,on ,0nt 

41 0.25-25 L PSS 3-molecular states °t 
+ rotational coupling; 

origin on 08+ 
50 0~--OZ5~3O 1: l1SS- ·8:"'mOlecular states at 

+ rotational coupling; 
origin on 08+ 
origin on H+ 

6 0.028-2.8 L M-LZ no rotational coupling at 

15 0.01-25 L H-LZ-RC rotational coupling included at 

16 0.01-50 L M-LZ-RC 0t ,on ,0n1 

71 0.1,1,-10 L(M) M-LZ-RC °t,an 
7 2.58 L ASM °t 

45 1-100 L(M) ~ °t 
9 2.58,47.3 L(M) DM °t 

40 1-180 M CC-AO sequence of 2-state CC O't 
22 0.02-200 (L)M UlJW O't 

26 37.5-150 M C'lMC °t 
49 25,32,55,76 M C'lMC °t'O'n'O'nt 
50 25-:900 ~(H) C'lMC O't 

65 50;100 M CTMC °t,On,°nt 

27 0.5-100 M CIM"':An °t 
30 100 (M)H BK-Eik O'nt 

62 40-200 (M)H BK-Eik °t,On,°nt 

39 625 H CDW ant 

H-F9+ 

66 0.5,1 L CC-MO-An _ n,1 - separable interaction model "'t 
16 0.49,1,10,25 L M-LZ-RC rotational coupling included O't'O'n 

71 0.01-100 L(M) M-LZ-RC O't 

7 2.58 L ASH O't 

J. Phys. Chern. Ref. pata, Vol. 12, No.4, 1983 



CROSS SECTION DATA FOR CHARGE EXCHANGE 839 

Table 2. Theoretical data for charge transfer between atomic hydrogen and fully stripped ions--continued 

Reference 
Energy Range Energy Methodb Comments Data (keV/u) Regiona 

H-F9+ 

45 1-100 L(M) DM crt 

9 2.58,47.3 L(M) DM crt 
40 1-225 M CC-AO sequence of 2-state CC crt 
65 50 M CTMC crt .crn'cr~ 

7 625 H CDW Q.~ 

H-Ne10+ 

66 0
0
.5,1 L CC-MO-An crt 

6 0.028-2.8 L M-LZ rotational coupling excluded crt 
16 0.49,1,10,25 L M-LZ-RC rotational coupling included crt,crn'cr~ 

71 0.01-100 L(M) M-LZ-RC crt,crn 
7 2.58 L ASM at 
8 50 L(M) DM crt 

45 1-100 L(M) "OM crt 
9 0.002-337 L(M) DM crt 

25 0.01-1600 (L)M(H) CC-AO VPS approximation for crt 
2-state amplitudes 

40 1-225 M CC-AO crt 
5-2000 (L)M(H) 

-

24 UDW crt·(Jn·cr~ 

26 37.5-200 M CTMC crt 
65 50,100 M CTMC crt,crn'cr~ 

27 0.5-100 (L)M C1M-An crt 
39 625 H CDW cr~ 

H-Nall+ 

66 0.5,1 L CC-MO-An n,~ - separable interaction m9del crt 
16 0.5,1 L M-LZ-RC rotational coupling included crt,crn 
71 0.1,1,10 L(M) M-LZ-RC crt 

7 2.58 L ASM crt 
45 1-100 L(M) DM crt 
9 2.58,47.3 L(M) DM crt 

39 625 H CDW cr n.~ 

H_Mg12+ 

66 0.5,1 L CC-MO-An O"t 
16 0.49,1,10,25 L M-LZ-RC rotational coupling included O"t'O"n 
71 0.1,1,10 L(M) M-LZ-RC °t 
7 2.58 L ASM °t 

45 1-100 °L(M) DM. °t 
9 2.58,47.3 L(M) DM O"t 

40 1-225 M CC-AO at 
65 100 M CTMC °n'O"~ 
39 625 R COW ant 
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Table 2. Theoretical data for charge transfer between atomic hydrogen and fully stripped ions--Continuec 

=..:;.~·":-=·=.::=a:.:t'=.==Z-.-='=',,,==:·-=.=.·=.---=-=:=.-=r..-=-·=-===--=~.=-=-=r·=;:.-==-=-=-=~:r..::z::.:;;;=-==...=~~=-..='.::I:~='..:z.=-====~~=--=.===_-======~==-=======-~ 

Reference Energy Range Energy Methodb Comments Data (keV/u) Regiona 

H-M l 3+ 

66 0.5,1 L CC-MO-An O't 
16 0.5,1 L M-LZ-RC rotational coupling included O't'O'n 
71 0.01-100 L(M) M-LZ-RC O't'O'n 
7 2.58 L ASM O't 

45- l~DO_ -L(M) J)M~ -<Jr 
9 2.58,47.3 L(M) DM O't 

39 625 H CDW O'nt 

H_Si 14+ 

66 0.1-350 L(M) CC-MO-An O't 
6 0.028-2.8 L M-LZ rotational coupling excluded O't 

16 0.01-50 L M-LZ-RC rotational coupling included O't'O'n'O'nt 
71 0.01-100 L(M) M-LZ-RC at 
7 2.58 L ASM at 

45 1-100 L(M) DM at 
9 2.58,47.3 L(M) DM O't 

40 1-225 M CC-AO at 
2~ -5=2DOO- -<L)M(H)- l1DW- --Gn 
69 0.01-5000 (L)M(H) UDW at 
26 37.5-200 M CTMC at 
65 100 M CTMC O'n'O'nt 
27 0.5-100 (L)M C1M-An O't 

39 625 H CDW ant 

H_p I5+ 

66 0.5.1 L CC-MO-An O't 

16 0.84 L M-LZ-RC 0'. 
t 

71 0.1,1,10 L M-LZ-RC O't 
7 2.I)R L ASM 0'"(: 

45 1-100 L(M) DM O't 

9 2.58.47.3 L(M) DM at 

39 625 H CDW an.Jt 

H-SI6+ 

66 L CC-MO~An at 

16 0.5,1 L M-LZ-RC O't 'O'n 

71 0.1,1,10 L M-LZ-RC at 

7 2.'8 L A5M °t 
45 1-100 L(M) DM O't 

9 2.58,47.3 L(M) DM O't 

40 1-225 M CC-AO at 

65 100 M CTMC at,an,ant 

39 625 H CDW 0'n.Jt 
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Table 2. Theoretical.data for charge transfer between atomic hydrogen and fully stripped ions--Continued 

===-- -~== 

Reference 
Energy Range Energy Methodb Comments Data (keV/u) Regiona 

H-C~17+ 

66 1. L CC-MO-An at 

71 0.01-100 L M-LZ-RC at:· 
7 2.58 L ASM at 

45 1-100 L(M) 111 at 

9 --2.58; 47-;-3- L(-M-)- DM -crt 
39 625 H. CD'" a~ 

H-Ar18+ 

66 L CC-MO-An at 

6 0.028-2.8 L M-LZ at 

16 0.5,1,10,25 L M-LZ-RC an 

71 0.01-100 L(M) M-LZ-RC at 

7 2.58 L ASH at 
45 1-100 L(M) 11M crt: 

9 2.58,47.3 L(M) DM at 
40 1-225 M CC-AO at 
26 37.5-200 M CTMC . at 

65 -100- M --CTMC-- -a-i: j-o-n,a ~ 

27 0.5-100 (L)M C1M-An at 
39 625 H CDW O'~ 

H-K19+ 

66 L CC-MO-An at 
71 0.01-10 L M-LZ-RC at 
7 2.58 L ASM at 

45 1-100 L(M) DM at 
9 2.58 L(M) DM at 

39 625 H COW auX. 

H-Ca2O+ 

66 0.05-500 L(M) CC-MO-An at 
16 0.5,1 L M-LZ-RC an 
71 0.01-100 L(M) M-LZ-RC at 

7 2.58 L ASM at 
8 50 L(M) DM at 

45 1-100 L(M) DM at 
9 0.02-300 L(M) DM at 

25 0.01-2000 (L)M(H) CC-AO VPS approximation for 
2-state coupling 

at 

65 100 M CTMC at ,an ,ant 
24 0.1-10 (L)M UDW· a 

t 
39 625 H CDW auX. 
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Table 2. Theoretical data for charge transfer between atomic hydrogen and fully stripped ions-~Continued 

-=-=-=-=== 

Reference 
Energy Range Energy Methodb Comments Data. (keV/u) Regiona 

H_~l"21+ 

66 0.5,1 L CC-MO-An O"t 
71 0.5,1,10 L M-LZ-RC O"t 

7 2.58 L ASM O"t 
45 1-100 L(M) DM O"t 

--9- -2.58,45.3- --L(M} DM O"t 
39 625 H CDW O"Ill 

H-Ti22+ 

66 0.5,1 L CC-MO-An O"t 
71 0.01-100 L(M) M-LZ-RC O"t·on 

7 2.58 L ASM O"t 
45 1-100 (M) DM O"t 

9 2.58,47.3 (M) DM . 0" t 

39 625 R COW °nt 

H_V23+ 

66· 0.5,1 L CC-MO-An O"t 
J.L J)'.5" 1.,.-1 0 - -L~ M""LZ--"RC~ O"t 

7 2.58 L ASM O"t 
45 1-100 L(M) DM at. 

9 2.58,47.3 L(M) DM at 

39 625 H CDW ant 

H-Cr24+ 

66 0.5,1 L CC-MO-An O"t 
16 0.4,100 L(M) M-LZ-R.C Cft,an 
71 0.01-100 L(M) M-LZ-RC at 'O"n . 

7 2.58 L ASM O"t 
45 1~100 L(H) DM at 

9 2.58,47.3 L(M) DM at 

39 625 H CDW ° III 

H_Mn25+ 

66 0.5,1 L CC-MO-An O"t 
71 0.1,1,10 L M-LZ-RC O"t 

7 2.58 L ASM °t 
45 1-100 L(M) DM O"t 

9 2.58,47.3 L(M) IM at 

39 625 H CDW ° III 
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Table 2. Theoretical data for charge transfer between atomic hydrogen and fully stripped ions--Continued 

== -. .:2._ .=.=. =:.z ... ~=;-=--======-== .. r-=--_"'III';;II·--==----=----===_=.:.:~;::a'-· 

Reference 
Energy Range Energy 

Methodb Comments Data· (keV/u) Regiona 

H-Fe26+ 

51 J.21,1.3,5.3 L PSS 17-state at 
66 0.5,1 L CC-:MO~An at 
if> l,lU,Z5 L M-Ll.-KC a n 
71 0.01-100 L(M) M-LZ-RC at,an 
7 2.58 L ASM .at _ 

45 1-100 L(M) DM at 
9 2.58,47.3 L(M) DM at 

27 0.5-100 L CIM-An at 
26 37.5-200 M CTMC at 
51 84-258 M CTMC at 
39 625 H CDW auR. 

H-Co27+ 

66 0.5,1 L CC-MO-An °t 
71 0.1,1,10 L M-LZ-RC at 

7 2.58 L ASM at 
45 1-100 L(M) DM at 

9 2.58,47.3 L(M) 00. .~ . ------_ ... 

39 625 H CDW auR. 

H-Ni28+ 

66 0.5,1 L CC-:MO-An at 
16 10,25 L M-LZ-RC a 

n 
71 0.01-100 L(M) M-LZ-RC at,an 
7 2.58 L ASM at 

45 1-100 L(M) DM at 
9 2.58,47.3 L(M) DM at 

39 625 H CDW anR, 

H-Cu29+ 

66 0.5,1 L CC-MO-An at 
81 0.01-100 L(M) M-LZ-RC at 

8 2.58 L ASM at 
45 1-100 L(M) rn at 

9 2_58.47_3 L(M) OM at 
39 625 H CDW anR, 

H-Zn30+ 

66 0.075-750 L(M) CC-MO-An at 
71 0.1,1,10 L M-LZ-RC crt 

7 2.58 L ASH .vt 
8 50 L(M) rn at 

J. Phys. Chem. Ref. Data, Vol. 12, No.4, 1983 



844 JANEV, BRANSDEN, AND GALLAGHER 

Table 2. Theoretical data for charge transfer between atomic hydrogen and fully stripped ions--continued 

Reference 
Energy Range Energy Methodb Comments Data (keV/u) Regiona 

H-Zn30+ 

45 1-100 L(M) DM at 
9 0.2-337 L(M) DM at 

39 625 H CDW a~ 

H-Ga31+ 

71 0.1,1,10 L M-LZ-RC at 
7 2.58 L ASM at 
9 2.58,47.3 L(M) -DM at 

H-Ge32+ 

71 0.1,1,10 L M-LZ-RC at 
7 2.58 L ASM at 

9 2.58,47.3 L(M) DM at 

H_As 334-

71 0.1,1,10 L M-LZ-RC at 

7 2.58 L ASM at 

9 2.58,47.3 L(M) DM at 

H-Se34+ 

71 0.1,1,10 L M-LZ-RC at 

7 2.58 L ASM at 

9 2.58,47.3 L(M) DM at 

H-Br35+ 

71 0.1,1,10 L M-LZ-RC at 

7 2.58 L ASM at 

9 2.58,47.3 L(M) DM at 

H-Kr36+ 

16 10,25 L M-LZ-RC O'n 

71 0.01-100 L(M) M-LZ-RC at 

7 2.58 L ASM at 

9 2.58.47.3 L(M) DM crt 

26 37.5-200 M CTMC at 

27 0.5-100 (L)M C1M-An O't 

H-Rb37+ 

71 0.1,1,10 L M-LZ-RC at 

7 2.58 L ASH at 

9 2.58,47.3 L(M) DM at 

J. Phys. Chem. Ref. Data, Vol. 12, No.4, 1983 
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Table 2. Theoretical data for charge transfer between atomic hydrogen and fully stripped ions--Continued 

Reference 
Energy Range Energy

a Methodb Comments Data (keV/u) Region 

H-Sr38+ 

71 0.1,1,10 L M-LZ-RC at 

7 2.58 L ASM at 
9 2.58,47.3 L(M) DM at 

H_y 39+ 

71 0.1,1,10 L M-LZ-RC at 

7 2.58 L· ASM at 

'9 2.58,47.3 L(M) DM at 

H-Zr40+ 

71 0.01-100 L(M) M-LZ-RC at 

7 2.58 L ASM at 

9 2.58,47.3 L(M) DM at 

H-Cb41T 

71 0.1,1,10 L M-LZ-RC at 

7 2.58 L ASM at 

H-Mo42+ 
71 0.01-100 L(M) M-LZ-RC O'~'O'n 

7 2.58 L ASM at 

H-Tc43+ 

71 0.1,1,10 L M-LZ-RC at 
7 2.58 L ASM at 

H-Ru44+ 

71 0.1,1,10 L M-LZ-RC at 
7 2.58 L ASH at 

H-Rh45+ 

71 0.1,1,10 L M-LZ-RC at 
7 2.58 L ASM at 

H-f'd',64-

71 0.1,1,10 L M-LZ-RC at 
7 2.58 L ASM at 

H-Ag47+ 

71 0.1,1,10 L M-LZ-RC at 
7 2.58 L ASM at 

J. Phys. Chern. Ref. Data, Vol. 12, No.4, 1983 
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Table 2. Theoretical data for charge transfer between atomic hydrogen and fully stripped ions--Continued 

Reference 

71 

7 

71 

7 

71 

71 

71 

71 

71 

Energy Range 
(keV/u) 

0.01-100 

2.58 

--O.l~J.~J.O 

2.58 

0.1,1,10 

2.58 

0.1,1,10 

0.1,1,10 

0.1,1,10 

0.01-100 

0.01-100 

Energy 
Regiona 

L 

L 

-L 

L 

L 

L 

L 

L 

L 

L(M) 

L(M) 

Methodb 

M-LZ-RC 

ASM 

M-LZ-RC 

ASM 

M-LZ-RC 

H-Te52+ 

M-LZ-RC 

H-I 53+ 

M-LZ-RC 

M-LZ-RC 

H-W74+ 

M-LZ-RC 

Comments 

aL, M, H stand for the low-, medium-, and high-energy regions, respectively. These letters in 

parentheses indicate regions in which the methods were applied, although invalid. 

Doefinition of abbreviations for methods useq in table: 

CC-MO 
PSS 
CC-MO-An 
M-LZ 
M-LZ-RC 
ASH 
Jlo{ 

CC-AO 
M-VPS 
UDW 
CTMC 
C.R.·M-:-An 
BK 
Bl 
JS 
DW 
BK-Eik 
B2 
CnJ 

Close coupling - molecular orbital.method 
Perturbed stationary state method 
Close-coupling molecular orbital. analytic~l model 
Multichannel Landau-Zener model 
Multichannel Landau-Zener model with rotational coupling 
Absorbing sphere model 
Decay model 
Cluse cuupl~ng- atu~c orb~cal mechod 
Multichannel Vainstein-PresnYakov-Sobelman approximation 
Unitari~ed distorted wave approximation 
Classical trajectory Monte Carlo method 
Classical model, analytical 
Brinkmann-Kramers approximation 
First Born approximation 
Jackson-Schiff approximation 
Distorted wave approximation 
Brinkmann-Kramers - Eikonal approximatiQn 
Second Born approximation 
Continuum distorted wave approximation 
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Table 3. Evaluated Best Total Charge Exchange Cross Sections Data for Hydrogen Ato..-Fully Stripped Ion Systems 

Ion 
Energy Range Accuracya References Ion 

Energy Range Accuracya References . 

(keV/u) (keV/u) 

Re2+ 0.25-500 (a) or (b) 36, 3S, 13, 48,63, 70, 56, 73 Ti22+ 0.5-S0 (b) 71 

1;2.6 (b) 66,7 

Li3+ 1.5-25 (a) or (b) 67 

25-100 <a) 69 V23+ 1,10 (b) 71 

30-140 (a> or (b) 26 1;2.6 (b) 64,45,7 

100-200 (a) or (b) 72 
Cr24+ 0.5-100 (b) 71 

Be4+ 0.1-10 (a) or (b) 41 1;2.6 (b) 

1-200 (b) 26,23,17 
M}l~5+ l,J.O __ .(b)_ 1-1-

B5+ 0.05-10 (a) or (b) 23,69,16 1;2.6 (b) 45,7 

10-200 (a) or (b) 69 
Fe26+ 

40-200 (b) 26 
0.5-100 (b) 27,71 

40-200 (b) 26 

C6+ 0.013-27 (a) 10.66 
Co27+ 

0.5-50 <a> or (b> 69,16 
1,10 (b) 71 

25-200 (a) or (b) 69,26 
1;2.6 (b) 45,66,7 

N7+ 0.5-S0 (b) 71 
Ni2S+, Cu29+ 0.5-100 (b) 17 

37-150 (b) 26 
1;2.6 (b) 45,66,7 

08+ 0.01-32 (a) 75 
Zn30+ 0.2-10 (b) 66 

O. 02-0. S (b) or (c) 22,50,16 
1;2.6 (b) 45,71,7 

0.6-60 (b) :a., Hi ,1.7 Ga31+y Ge32+, As33+ 

40-150 (a) or (b) 26,22 Sc34+, Br35+ 1;2.6;10 (b) 71,7 

F9+ 0.7-S0 (b) 71 
ICr36+ 0.4-100 (b) 71 

Ne10+ 0.S-60 -(!')- 71,24 _ 
3-100 (b) 27 

40-200 (a) or (b) 26,24 
~ w· 26 

Nall+, Mg12+ 1,10 (b) 
Rb37+, sr38+, y39+ 1;2.6;10 (b) 71,7,71 

71 

(b) 45,66 Zr40+ 0.4-100 (b) 71 

A.t.13+ O.S-SO (b) 71 
2.6 (b) 

Si14+ 0.5-50 (b) 
Cb4l+ 1;2.6; 10 (b) 71,7,71 

71,69 

35-200 (b) 26 Mo42+ 0.4-100 (b) 71 

pl5+, Sl6+ 1,10 (b) 71,16 Tc43+, Ru44+, Rb45+ 

100 (a) or (b) 65 Pd46+, Ag47+ . 1;2.6;10 (b) 71,7,71 

CR. 17+ 0.S-70 (b) 71 Cd4S+ 0 •. 2-100 (b) 71 

Arl 8+ 0.5-100 (b) 27,26 In49+, Sn50+, Sb51+ 

40-200 (b) '6 1'e52+, .1. 5* 0.1,1,10 (b) 11 

ICr l 9+ 1,10 (b) 71 Xe54+ 0.1-100 (b) 71 
1;2.6 (b) 45,7 

W74+ 0.2-100 (b) 71 

Ca20+ 0.10 ·100 (b) Il 

100 (b) 65 

Sc21+ 1,10 (b) 71 

1,2;2.6 (b) 1.5.7 

-Accuracies defined in section 2.4. 
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Table 4. ' . Z+ !( Z-l)+ H+ Evaluated theoretical total charge exchange crosshsections (0 ) for the process A + H ~A + as a function 
of ElM, the laboratory energy of the ion divided y the mass 6f the ion. 

I 
! I 

ElM 0 ElM 0 ElM a I ElM 0 t t t 
I 

t 

(keV/u) (lO-16cm2) (keV/u) (lO-16cm2) 
i 

(keV/u) (l0-16cm2) 
I 

(keV/u) (10-16cm2) 

B-Be2+ ~ 
0.25 0.26 17.6 11.0 11.4 10.4 1.4 3.89 
0.75 1.49 20.7 10.4 15.9 8.87 5. 10.3 
2.00 6.30 24.9 9.62 21.1 7.29 10. 16.8 
5.0 12.2 27.9 8.62 32.2 5.12 25. 18.4 

10.0 13.5 31.4 6.18 40.2 4.01 100. '2.11 
17.5 12.1 35.3 5.88 52.2 3.00 

I! 

2[)0. .23 
lef [48] 37.9 4.51 62.5 2.24 Ref [67] 

40.9 3.55 79.0 1.42 
44.3 4.01 97.7 .755 

I' .48 .66 47.1 3.09 119. .463 50. 18.2 
.56 .86 54.1 2.41 143. .278 

II 

100. 2.67 
.65 l.ll 57.0 2.02 161. .180 2[)0. .23 
.73 1.35 60.1 2.04 183. .108 Ref [72] 
.90 1.87 64.9 1.59 Ref [22] 

1.20 2.97 67.5 1.29 
1.53 4.24 74.3 1.14 25. 13.5 
1.86 5.31 79.7 .803 8.75 8.99 50. 6.74 
2.17 6.17 85.0 .765 12.2 8.59 75. 3~25 
2.84 8.02 91.5 .522 16.4 8.11 DO. 1.63 
3.11 8.69 94.8 .528 20.0 8.72 200. .19 
3.47 9.56 97.0 .469 24.0 8.68 Ref [69] 
4.08 10.9 100. .414 25.0 8.88 
4.84 12.4 108. .283 38.5 7.25 

I, 5.31 13.1 113. .278 44.0 5.98 35.8 10.8 
5.98 14.3 Ref [68] 50.4 5.06 47.7 9.61 
7.14 16.0 62.4 3.04 72.8 5.00 

:Ref [13] 74.2 1.67 ~7.7 2.79 
5.0 11.1 85.2 1.06 Il3. .75 

17.5 11.0 100. 1.15 Ref [26] 
0.25 .260 50.0 3.7 120. 1.03 
0.75 1.43 Ref [70J 124. .39 
2.0 6.15 Ref [42] IJ7. 1.41 
5.00 11.2 132. .641 

:Ref [63] 3.7 9.16 
I 

159. .307 
7.5 12.6 109. .398 IB9. .153 

13.7 12.8 118. .313 Ref [53] 
25.5 8.48 133. .210 
75.5 1.15 156. .113 

158. .13 Ref [38] 
Ref [73] 
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Table 4. Evaluated theoretical total charge exchange croSs sections (O't) for the process AZ+ + H +!A (Z-I)+ + H+ as a function 
of E~, the laboratory energy of the ion dividedi by the mass of the ion (continued). 

I I 
I 

ElM °' ElM O't E/M O't E/M O't t 

(keV/u) (lO-16cm2) (keV/ul (10-16cm2 ) (keV/u) (l0-16cm2) (keV/u) (lO-16cm2) 

B-Be4+ 
I 

B_BS+ 
I 

0.080 12.0 5. 49.8 0.5 6.59 37.5 20.6 
0.234 23.0 10. 42.4 1.0 17.4 50. 17.4 
0.~90 32.3 25. 31.7 Ref. [66] 75. 12.9 
2.33 37.3 50. 16.5 100. 6.30 
2.84 38.1 100. 4.35 125. 4.62 
3.S5 38.8 200. .57 0.4 8.89 150. 1.48 
4.14 39.1 Ref [17] Ref [16] Ref [26] 
4.62 39.2 
5.24 39.2 
5.78 39.1· 1.00 49.0 50. 25.3 0.050 21.7 
6.25 38.8 1.34 47.3 100. 6.78 0.075 19.0 
7.E2 38.4 1.75 44.4 200. .970 0.115 16.9 
9.(]3 38.2 3.10 39.3 Ref [17] 0.173 15.6 

10.S 38.4 4.49 35.7 0.292 14.4 
12.3 38.4 7.90 31.2 0.385 14.1 
14.C 38.7 13.7 25.4 0.5 11.9 0.616 14.5 
15.B 38.9 22.7 20.8 1.0 13.9 0.936 15.5 
20.1) 39.8 26.0 19.7 2.5 17.8 1.15 16.1 

Ref [41] 32.0 17.5 5.0 27.5 1.78 18.3 
62.0 9.21 10. 31.7 2.64 22.3 
84.4 5.46 25. 26.1 3.16 25.1 

2.58 56.0 126. 2.14 50. 16.2 5.61 34.7 
Ref [7] 155. 1.13 75. 9.02 7.17 39.1 

187. .644 100. 4.87 Ref [23] 
Ref [23} 200. .62 

l.(] 49. Ref [69] 
2.0 47. 
4.0 44. 37.5 16.1 
8.0 42 • SO. 13.6 

10. 41. 75. 9.36 
20. 39. 100. 4.61 

Ref [45] 125. 1.34 
Ref [26] 
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Table 4. Evaloa ted theoret~cal to tal charge ex change cro •• t .. c tiona (. ) for tho pr oee.. "Z+ + H + A 1»-1)+ + R + a. a func t~on 
of ElM, the laboratory energy of the ion divided ,Y the mass ~f the ion (continued).· . 

ElM fJ ElM a ElM at ElM. at t t 

(keV l'l) (10-l6cm2) (keV/u) (10-16cm2) (keV/u) (10-16cm2) (keV/u) (lO-16cm2) 

B-C6+ B-oS+ 

0.013 0.470 0.5 49.2 0.013 13.1 17.8 51.1 
0.053 4.21 1.0 50.6 0.053 13.0 39.1 43.1 
0.135 14.2 2.5 46.S 0.21 36.3 57.1 37.1 
0.2l0 21.0 5. 43.1 1.32 62.4 75.6 2S.0 
0.644 36.3 10. 39.4 5.26 64.5 
1.3Z 44.2 25. 32.0 11.S 61.6 97.5 19.5 
2.96 46.3 50. 21.7 17.0 57.4 121. 12.9 
5.26 47.S 100. 6.92 34.2 46.6 145. 8.36 

11.S 45.9 200. 0.934 Ref [75J 168. 5.75 
21.0 40.7 Ref [69J 187. 4.25 
27.3 37.1 Ref [22] 

Ref [10] 0.053 17.1 
37.5 25.6 0.210 34.6 
50. 22.1 0.473 50.1 37.5 36.7 

0.5 37.4 75. 18.2 0.842 58.5 50. 34.6 
Ref [66] 100. 10.3 1.32 66.3 75. 28.5 

125. 5.72 2.5S 72.5 100. 19.9 
150. 1.S3 5.26 78.4 125. 11.7 

0.4 34.3 Ref [26] 7.58 80.5 150. 5.60 
1.0 39.2 Ref [501 Ref [26] 
5.0 38.2 

10. 35.5 
25. 30.8 

B_N7+ 
0.4 53.5 0.5 50.9 

Ref [16} 1.0 56.4 5.0 44.7 
5.0 52.3 25. 35.4 

0.04 69.4 10. 48.2 so. 30.4 
0.100 U.S 0.1 61.7 25. 41.7 75. 27.4 
0.142 16.3 0.4 48.9 Ref {l6] 100. 25.3 
0.221 22.7 1.0 42.3 Ref [27] 
0.318 29.4 2.0 38.1 
0.562 36.2 5.0 33.6 1.0 90. 
1.00 40.3 10. 30.9 2.0 86. ; 

Ref [20) 25. 27.8 4.0 83. 
Ref [71) 8. 78. 

10. 77. 
20. 74. 

37.5 32.1 Ref [45] 
50. 26.9 
75. 23.1 

100. 16.2. 
125. 6.81 
150. 3.87 

Ref [26] 
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Table 4. J Z+ • (Z-l)+ + Evaluated theoretical total chaxge exchange cro .s sections (O"t) for the process A + H -+A -+ H as a Eunction 
of ElM, the laboratory energy of the ion divided by the mass of the io~ (continued). 

ElM crt ElM °t ElM crt ElM crt 

(keV/u) (10-t6cm2) (keV lu) (10-16cm2) (keV /u) (lO-16cm2) (keV/u) (10-16cm2) 
1 

I-""" H_Mg12+ Il_Al13+ 

0.01 79.2 5. 53.9 0.5 145. 0.5 60.1 
0.02 92.3 10. 59.6 1.0 111. 1.0 92.4 
0.04 92.8 25. 58.0 Ref [66] Ref [56] 
0.06 90.5 50. .50.0 
0.10 86.5 100. 28.5 
0.16 81.8 200. 6.41 0.1 116. 0.011 134. 
0.24 77.3 500. .26 1.0 103. 0.014 137. 
0.99 65~3 Ref [24] 10. 76.5 0.019 140. 
2.24 59.6 Ref [71] 0.026 142. 
5.04 54.5 0.035 143. 
9.B5 50.5 37.5 43.1 0.046 '143. 

25.0 45.2 50. 41.1 2.58 121. 0.060 142. 
50.5 41.0 75. 38.3 Ref [7] 0.078 139. 
98.7 36.7 100. 27.5 0.115 136. 

Ref (7l1 150. 10.8 0.155 133. 
200. 3.51 1.0 130. 0.205 129. 

Ref [26] 2.0 124. 0.245 127. 
SO. 37.6 4.0 llS. 0.477 119. 

Ref [65] 8. U3. 0.981 U1. 
10. 112. 3.93 95.1 

H-Halli-
20. 105. 9.89 84.2 
40. 100. 49.4 65.4 

H-lIeLO+ 
Ref [45] 88.7 58.7 

1.0 58.8 Ref [7l] 
Ref [66] 

0.:>4 66.8 100. 35.7 
0. ,)6 73.2 Ref [65] 1.0 138. 
0.)9 78.5 0.1 113. 2.0 133. 
0.L6 S3.6 1.0 88.5 4.0 128. 
O.lO 84.9 10. 68.8 S.O 123. 
,0.25 85.4 Ref [71] 10. 122. 
0.50 85.0 20. 116. 
1.1) 81.8 40. lll. 
4.0 70.3 2.58 121. Ref [45J 
6.l 65.9 Ref [7) 
8.9 62.8 

16.L 57.1 
24.8 53.0 1.0 120. 
50. L 41.2 2.0 115. 

Ref [11] 4.0 110. 
8.0 105 • 

10. 104. 
20. 99. 
40. 95 • 

Ref [451 
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Table 4. Evaluated theo,retical total charge exchange cross! sections (cr) for the process A Z+ + H -+ Al( Z-l)+ + H+ as a function 
of ElM, the laboratory energy of the ion divided by the mass 5f the ion (continued). ' 

Ell{ cr ElM crt ElM crt ElM crt t 

(keV lu) (l0-16cm2) (keV/u) (10-16cm2) (keV/u) (l0-16cm2) (keV/u) (10-16cm2) 

R_8114+ ~ U-C117+ 

0.04 147. 37.!) 62.1 1.0 102. ' 1.0 183. 
0.09 148. 50. 5,8.6 Ref [66] Ref [66] 
0.16 145. 75. 53.7 
0.25 140. 100. 47.9 
0.493 132. 150. 19.6 0.1 177. 0.04 204. 
0.997 121. 200. 5.2 1.0 146'. 0.10 192. 
3.97 102. Ref [26] 10. 106. 0.40 170. 
8.98 92.4 Ref [71J 0.99 154. 

10.1 90.3 4.0 130. 
16.1 83.9 0.5 92.7 5.0 125. 
25.1 79.1 5.0 84.1 2.58 159. 10. 113. 
50.t. 69.7 25. 69.7 Ref [7] 25. 99.1 

Ref [71) 50. 61.4 100. 77.6 
75. ' 56.2 Ref [71J 

100. 52.4 1.0 168. 
5. 71.7 Ref [27] 2.0 161. 

10. 68.2 4.0 155. 2.58 165. 
25. 79.7 8.0 148. Ref [7] 
50. 79.6 10. 147. 

100. 4e.5 
~ 

20. 140. 
200. 14.6 40. 134. 1.0 180. 
500. (.709 Ref [45] 2.0 172. 

Ref [241 0.5 117. 4.0 165. 
1.0 144. 8.0 157. 

Ref [66] 100. 56.9 10. 156. 
0.025 8E.5 Ref [65] 20. 148. 
0.05 97.7 40. 141. 
0.10 99.8 0.1 163. ; Ref [45] 
0.25 101. 1.0 136. 
0.50 94. 10. Hio. 
1.0 8a.O Ref [71] 
2.5 8C.6 r 
5.0 71.7 : 

10. 65.8 2.58 153. 
25. 62.2 Ref [7] 
50. 59.3 

100. 2E.2 
200. 5.0 1.0 159. 
500. 0.203 2.0 152. 

Ref (69) 4.0 146. 
8.0 138. 

10. 137. 
20. 130. 
40. 124. 

Ref [45] 
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Table 4. Evaluated theoretical total charge exchange crosis sections (0 ) for the process AZ+ + H -+ ~ (Z-l)+ + H+ as a function 
of ElM. the laboratory energy of the ion divided by the mass 5f the ion (continued). I 

ElM at ElM °t ElM at ElM at 

(keVJu) (lO-16cm2) . (keV/u) (l0-16cm2) (keV/u) (lO-16 cm2) (keV/u) (l0-16cm2) 

Jl_Arl 8+ B_r9+ ! H-Ca20+ 

1.0 102. 1.0 195. 0.10 140. 0.04 .253. 

Ref [66] Ref [66J 0.11 134. 0.10 237. 
0.13 129. 0.40 207. 
0.15 123. 1.0 185. 

0.C4 220. 0.1 220. 0.18 118. 5.0 151. 

0.10 209. 1.0 177. 0.23 113. 10. 137. 

0.40 183. 10. 129. 0.29 1l0. 25. 117. 

0.60 177. Ref [71) 0.36 108. ·50. 104. 
1.~ 165. 0.45 108. 100. 92.2 
3.0 144. 0.58 111. Ref [711 
s.c 134. 2.58 177. 0.71 114. 

10. 121. Ref [7] 0.85 118. 
25. 105. 1.1 123. 47.3 160. 

50. 93.6 . 1.3 128. Ref [8] 
100. 81.8 1.0 197. 1.6 132. 

Ref [71J 2.0 189. 2.0 140. 
4.0 182. 2."3 146. 1.0 208. 
8.0 174. 2.7 151. 2.0 200~ 

37.5 79.1 10. 173. 3.4 156. 4.0 194. 
50. 80.1 20. 165. 4.0 159. 8.0 188. 
75. 72.7 40. 158. 5.1 162. 10. 186. 

100. 60.8 Ref [45J 6.6 164. 20. 180~ 

150. 29.8 8.2 165. 40. 174. 
200. 10.9 10.5 164. Ref [45] 

Ref [26J 2.58 264. 13.3 163. 
47.3 196. 16.3 162. 

Ref [9] 19.9 159. 100. 77.3 

0.5 121. 24.5 157. Ref [65] 
5.C) 111. 30.1 154 • 

25. 93.5 35.4 151. 
50. 83.2 41.5 148. 0.1 137. 
75. 76.6 50.5 145. 1.0 122. 

100. 71.7 60.6 141. 10. 93. 
Ref 127] 71.2 138. Ref [24] 

Ref [66] 
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Table 4. Evaluated theoretical total charge exchange cross sections (0 ) for the process AZ+ + H ~ A(Z-l)+ + H+ as a function 
. I t of ElM, the laboratory energy of the ion divided IbY the mass of the ion (continued). • 

ElM .0 ElM (1 ElM (1 ElM 0 
t t t t 

(keV/u) (10-16cm2) (keV/u) (lo.-16cm2) (keV/u) (lo.-Hicm2) (keV/u) (lo.-16cm2) 

B-ScZl+ H_T:122+ H_V23+ ~ 
1.0 ISO. 1.0. 194. 1.0. 172 • 1.0. 221. 

Ref [66} Ref (66) Ref [66) Ref [66] 

0..15 247. 0..0.2 294. 0..1 277.0 0..0.4 317. 
1.0 197. 0..0.4 285. 1.0. 219.0 0.10 292. 

10. 143. 0.06 275. 10. 158.0 0.20 274. 
Ref. (71) 0.10 265. Re:. (71) 0.40 254. 

0.16 253. 0.60. 242. 
0..25 .242. 1.0 228. 

2.58 189. 0.50 225. 2.58 203. 2.0 210. 
Ref [7] 1.0. 207. Ref [7) 5.0 183. 

2.22 187. 10. 166. 
5.0 167. ·25. 143. 

1.0 225. 10.0 152. 1.0 247. 50. 125. 
2.0 216. 25.0 131. 2.0 238. 100. 110. 
4.0 208. 50.6 116. 4.0. 230. Ref [71] 
8.0 20.0. 100. 103. 8.0 226. 

10.. 198. Ref [71] 10. 21S. 
20. 190. 20. 210. 2.58 209. 
40. 182. 40. 202. Ref [7] 

Ref [45] 2 .. 58 196. Ref [451 
Ref (7) 

1.0 256. 
2.58 289. 2.58 314. 2.0 . 246. 

47.3 217 •. 1.0 238. 47.3 237. 4.0 236. 
Ref [91 2.0 228. Ref [91 S.O 22S. 

4.0 220. 10. 225. 
8.0 212. 20. 216. 

10. 208. Ref [45) 
20. 200. 
40. 192. 

Ref (45) 
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Table 4. 
Z+ i (Z-l)+ + Evaluated theoretical total charge exchange cros,s sections (cr~) for the process A + H -+ A of- H as a function 

of ElM, the laboratory energy of the ion divide~ by the mass f the ion (continued). 

ElM ElM 
I 

ElM ElM at at at at 

(keV/u) (10-16cm2 ) (keV/u) (l0-L6cm2) (keV/u) (10-16cm2) (keV/u) (lO-16cm2) 

B-Hn2S+ B_Fe26+ ! JI_N128+ 

1.0 188. 0.21 201. 37.5 121. 1.0 222. 
Ref (66) Ref [51) 50. 120. Ref [66] 

75. Ul. 
100. 100. 

0.1 305. 1.0 225. 150. 76.2 0.02 396. 
1.0 237. Ref [66) 200. 28.6 

I 

0.04 379. 
10. 173. Ref (26) 0.06 364. 

Ref [71] 0.10 349. 
0.02 362. 0.16 332. 
0.04 345. 0.25 317. 

2.58 215. 0.10 319. 
~ 

i 0.50 292. 
Ref [7) 0.16 305. I 1.0 269. 

0.25 291. I 2.2 242. 
0.5 269. 1.0 227. 5.0 218. 

1.0 266. 1.0 248. Ref [66] i 10. 196. 
2.0 256. 2.0 228. 

I 

25. 169. 
4.0 246. 5.0 201. 50. 150. 
8.0 237. 10. 181. 0.1 335. 100. 131. 

10. 234. 25. 154. 1.0 257. Ref [7l] 

20. 224. 50. 133. 10. 187. 

I 40. 214. 100. 122. Ref [71] 
Ref (45] Ref [71) I 2.58 232. 

Ref [7) 
2.58 226. 

2.58 339. 2.58 220. Ref [7) 
47.3 258. Ref [7) 1.0 296. 

Ref [9] 2.0 286. 
1.0 286. 4.0 275. 

1.0 276. 2.0 276. 
2.0 266. 4.0 265. 8.0 264. 
4.0 256. 8.0 255. 10. 260. 
8.0 247. 10. 254. Ref [45] 

10. 244. . 20. 240 • 
Ref [45J 40. 230. 

Ref [45] 

0.5 176. 
5.0 165. 2.58 365. 

25. 142. 47.3 278. I 

50. 128. Ref (9] 
I 
I 

75 • 119. I· 100. 112. 
Ref [27) 
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Table 4. Evaluated theoretical total charge exchange croS$ sections (0 ) for be process A Z+ + H -+ A (Z-l)+ + H+ as a function 
It, I of ElM, the laboratory energy of the ion divided by the mass of the ion (conti~ued). 

ElM ElM d 
I 

ElM 0 cr. E/M crt t t t 

(keV/u) (1O-16cm2) (keV/u) (lO-16cm2) 
I 

(keV/u) (lO-16cm2) (keV/u) (lO-16cm2) 

H-CuZ9+ H_Zn30+ ~ 
1.0 262. 0.08 290. 0.1 375. ' 0.1 405. 

lef [66] 0.10 283. 1.0 288. 1.0 309. 
0.12 277. 10 • 209. 10. 224. 
0.14 269 • Ref 'PI] Ref [71] 

0.04 394. 0.16 261. 
0.10 36 ... 0.20 251. 
0.40 315. 0.23 243. 2.58 244. 2.58 255. 
1.0 279. 0.31 235. Ref [71 Ref [7] 
2.2 . 255. 0.40 232 • 
5.0 226. 0.54 231. i 

10. 204. 0.70 235. 47.3 250. 
25. 114. 0.86 239. Ref [8] 

H_As33+ 100. 132. 1.1 244. 
Ref [71] 1.4 248. 

1.8 250. 1.0 316. 0.1 416. 
2.2 250. 2.0 306. 1.0 317. 

2.58 233. 2.9 251. 4.0 296. 10. 229. 
Ref [7] 3.9 248. 8.0 284. I Ref [71] 

5.5 243. 10. 280. 
8.2 237. 20. 270. 

1.0 305. 13.2 232. 40. 258. 2.58 260. 
2.0 29). 20.6 227. 80. ' 248 •. Ref [7] 
4.0 285. 32.1 221. 100. 244. 
8.0 274. Ref [66] Ref [45) 

10. 271). 
20. 2M. 

.~ Ref [45] 

H-Ga31+ 0.1 430. 
1.0 329. 

0.1 389. 10. 237. 
1.0 298. Ref [71] 

10. 217. 
Ref [71] 

2.58 265. 
Ref [7] 

2.58 250. 
Ref [7] 
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Table 4. Evaluated theoretical total char~e exchange cross sections (c ) for the process AZ+ + H ~ 
.of ElM, the laboratory energy of the ion diVide~ by the mass Sf the ion (continued). 

I 

ElM crt ElM cr ElM cr 
t t 

(keVlu) (10-16cm2) (keV/u) (l0-16cm2) I (keV/u) (10-16cm2) 

H_Br35+ B_y 39+ 

O.L 444. 0.5 246. 0.1 500. 
1.l) 338. 5.0 232. 1.0 379. 

10. 243. 25. 205. 10. 274. 
Ref [71] 50.0 187. Ref [71J 

75-.0 175. 
100. 165. 

2.58. 271. Ref [27] 2.58 292. 
Ref [7] Ref (7] 

B_llb37+ 

~ 
B_Kx36+ 0.1 472. 

1.0 357. 0.02 599. 
0.02 532. 10. 258. 0.04 568. 
0.04 504. Ref [71] 0.10 516. 

0.09 465. 0.20 478. 

0.16 438. 0.4 442. 

0.25 418. 2.58 281. 1.0 393. 

0.40 394. Ref [71 2.8 ·344. 

1.0 353. 5.0 316. 
2.0 324. 10. 283. 

5.0 285. I 25. 243. 
10. 254. 

B-Sr3S+ 
50. 212. 

25. 216. 100. 187. 

100. 169. Ref [71] 

Ref [7lJ 0.1 486. 
1.0 368. 

10. 266. 2.58 296. 
2.58 276. Eef [71] Ref [7] 

Ref [71 

2.58 287. 
a-Cb41+ 37.5 166. I.ef [7] 

50.0 158 •. 
75.0 153. 0.1 529. 

100. 141. 1.0 400. 
150. 106. 10. 287. 
200. 60. Ref [7l) 

Ref [26] 

2.58 30l. 
Ref [7] 

I 

A(Z-l)+ + H+ as a function 

ElM crt 

(lteV lu) (lO-16cm2) 

B-Mo42+ 

0.04 598. 
0.10 544. 
0.20 503. 
0.40 465. 
1.0 413. 
3.0 361. 
5.0 333. 

10.0 297. 
25. 255. 

100. 195. 
Ref [71] 

2.58 309. 
Ref [7] 

R_TC43+ 

0.1 557. 
1.0 420. 

10. 303. 
Ref [7l] 

2.58 315. 
Ref [7] 

I 

B_Ru44+ 

0.1 572. 
1.0 431. 

10. 311. 
Ref 17l] 

2.58 320. 
Ref 17] 
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Table 4. Evaluated theoretical total charge exchange cro~s sections (at) for the process AZ+ + Ii -+ 
of ElM, the laboratory energy of the ion divide by the mass of the ion (continued). 

ElM at ElM a ElM a 
t t 

(keV/'l) (lO-16cm2) (keV/u) (1O-16cm2) (keV/u) (1O-16cm2) 

B_Rb4)+ ~ U_Sn50+ 

0.1 586. 0.02 118. 0.1 655 •. 
1.0 442. 0.04 677. 1.0 491. 

10. 319. 0.10 624. 10. 355. 
Ref [71] 0.20 584. Ref [71) 

0.40 538. 
1.0 477. 

2.58 327. 2.0 430. 2.58 359. 
Ref [7] 5.0 383. Ref [7) 

10. 345. 
25. 294. 

100. 227. 
~ 

B-Pd46+ 
Ref (71] 

0.1 668. 
0.1 598. 2.58 346. 1.0 502. 
1.0 452. Ref [7] 10. 362. 

10. l27. Ref [71] 
Ref [71] 

2.58 334. B-Iu49+ ~ 
Ref [7] 

0.1 641. 0.·1 682. 
1.0 480. 1.0 512. 

10. 347. 10. 370. 

B-!.r.47+ 
Ref [711 Ref [71] 

0.1 612. 2.58 .353. 
1.0 462. Ref [7] 

~ 10. 334. 
Ref [71] 

0.1 696. 
1.0 523 •. 

2.58 340. 10. 378. 
Ref (7] Ref [71) 

I 

A(Z-l)+ + H+ as a function 

E/M a 
t 

(keV/u) (l0-16cm2) 

H_Xe54+ 

0.02 833. 
0.04 779. 

I 0.10 710. 
0.4 607. 
1.0 539. 
5.0 432. 

10. 384. 
25. 332. 

100. 254. 
Ref (71) 

~ 
0.21 900. 
0.35 847. 
1.0 745. 
2.0 678. 
5.0 600. 

10. 538. 
25. 452. 

100. 345. 
Ref 171) 
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Table 5. ParHal cross sections (0 ) for the prQcess H + AZ+ -+ H+(n) + A (Z-l)+ given in u~its of 10-16cm2. 
n 

1 2 3 4 5 6 7 8 9 10 11 12 

H-Li3+ 

1.0 0.34 1.20 2.34 
5.0. 0..0.66 5.15 5.06 

10 o.Qe 6.61 9.37 
25 0..001 6.0.5 7.18 

10.0 O.OQS 0.563 0.557 
20.0 0..0.07 0..0.68 0..05' 

R.ef [67] 

50. Q.Oe9 2.62 4.34 3.27 
100 0..017 0.S8L 0.715 0..410-
20.0. 0..0.10 0..069 0.5,80 0..0.33 

Ref [72J 

50 2.76 2.70 1.24 0.590 I o.*a 0.202 0..118 

Ref [65] 

14 0.041 16.9 10..4 
29 0..0.28 6.37 6.27 
43 0..024 3.10 3.34 
57 0..0'22 ,1.72 1.80 
71 0.021 1.0.3 1.03 
86 0.0.19 0..651 0..614 

10.0. 0..017 0..430 0..383 
114 0..015 0..293 0..248 
143 0.0.13 0..148 0..114 
179 0.0.10 0..071 0.049 
214 0..0.0.76 0..0.368 0..0.236, 
285 0.0044 0.0123 0.0061 

Ref [64] 

132 0..0.17 0..178 0..150. 0..094 0.05al o;o~a 0.0.26 0.018 0.013 0.010. 0..008 0.006 

R.ef [58] 
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Table 5. . 'z+ + (Z-l)+· .l..16 2 Partial cross sections (0 ) for the process H + A -+ H (n) + A given in units of 1011 cm (continued). 
n I 

~ ElM . 1 2 3 4 5 
(keV/uJ 

6 7 8 9 10 11 12 13 

I 

H-Be4+ 

5 5.89 43.4 0.38. 0.05 
10 6.99 31.6 3.16 0.22 
25 4.42 14.2 6.49 2.17 
50 1.96 5.06 3.53 1.96 

100 0.597 1.09 0.879 0.584 
200 0.112 0.138 0.104 0.069 

Ref [17] 

0.J04 
I 

50 1.48 4.56 3.28 1.68 0.462 0.272 0.229 0.157 
100 0.436 0.790 0.706 0.460 0.321 0.207 0.148 0.102 

Ref [65] 
, I 

132 0.189 0.309 0.253 0.179 0.125 0.089 0.064 0.048 0.036 0.028 0.022 0.018 

0.003 Ref. [58J 
I 

H_3e5+ 

0.5 6.33 2.94 
1.0 8.4.0 2.07 

10 11.8 0.668 
25 12.2 0.421 

Ref [16J 

5.0 2.10 49.6 13.0 0.14 
10 2.16 37.2 18.5 1.37 
25 1.75 16~5 14.4 5.59 
50 1.03 6.14 6.23 3.91 

100 0.41 1.45 1.51 1.11 

Ref [17J 
I 

25 0.518 10.3 10.3 0.855 0.4173 
32 0.329 8.41 9.96 1.58 0.818 0.31 

Ref [49J 
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~ E/I1 1 2 
'(lteV lu 

H-Be5+ 

50 0.397 

73 0.262 

132 0.002 0.123 

H-C 6+ 

0.013 
0.053 
0.135 
0.21 
0.64 
1.32 
2.96 
5.26 

ll.8 
21.0 
27.4 

0.50 
1.0 

10 
25 

25 0.07 
50 0.14 
75 0.125 

100 0.116 

--

3 4 5 

~ .. 92 6 .. 13 3.26 

Ref [65] 

Z.71 3.43 3.9l I 
Ref [49] 

.).409 0.461 0 0 3331 
Ref [58J 

0.470 
3.82 0.3~0 

11.0 3.28 
16.2 4.80 
29.9 6.45 
37.4 6.62 
38.1 7.76 

1.07 36.6 9.47 
2.13 29.0 12.5 
2.24 23.4 . 12.2 
L.96 20.3 12.3 

Ref [10] 

).022 35.9 
1).131 39.1 
l.17 33.3 
3.40 27.3 

Ref [16] 

5.49 16.8 3.76 
2.91 7.10 6.01 . 
L.64 3.28 2.97 
'l.851 1.43 ·1.51 

Ref [65] 

I 

z+ + (Z-l)+ 

I 

6 7' 8 9 

q65 1.11 0.512 0.322 

q66 0.924 0.639 0.477 

0.292 0.219 0.165 0.126 

i 
Ol842 0.376 0.141 0.087 
3106 1.36 0.747 0.492 
2~19 1.50 1.03 0.700 
la9 0.903 0.647 0.467 

16 2 

10 11 12 13 

0.214 

0.098 0.Ot7 0.062 .050 

I 

0.050 0.019 
0.315 0.233 0.138 0.095 
0.475 0.402 0.286 0.232 
0.352 0.290 . 0.225 0.192 

14 15 

.041 .034 

0.092 
0.184 
0.166 
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.Iz+ + (Z-l)+ J16 2 Table 5. Partial cross sections (<1n) for the process H + 1 + H (n) + A ,given in units of 10 ' cm(continued). 

~ E/M 1 2 3 4 5 6 7 8 9 10 11 12 
(keV/u) 

H-C6+ 

132 0.001 0.061 0.398 0.639 0.639 0.~42 0.433 0.341 0.268 0.213 0.171 0.138 

Raf [58] 

200 0.0057 0.088 0.168 0.181 I 0.1169 0.'134 0.110 0.090 0.071 0.056 0.045 

Ref [62] 

H_N7+ 

0.5 15.6 31.6 
1.0 18.3 24.0 

10 22.0 8.84 
25 0.131 21.9 5,.76 

Ref [16] 

50 1.41 6.89 7.55 15.2~ . 2.51 1.15 0.740 0.413 0.285 

Ref [65] 
I 

1 

H-08+ 

0.0132 0.80 12.~ 
0.0526 5.42 7 • .52 0.02 
0.210 21.8 14.3 0.09 
1.32 0.26 47.2 15.q 0.18 
5.26 3.78 45.0 17.~ 0.39 

11.8 5.31 36.1 20.2 1.34 
17.0 4.80 31.6 20.3 2.23 
34.2 2.88 21.5 22.~ 2.66 

Ref [75] 
.•.• (;..::t, 

0.5 1.54 51.1 IT 1.0 3.18 51.8 1. 1 
10 9.57 38.2 O. 5 
25 11.3 30.1 0". 9 

Ref [16] 

I 

13 14 

0.113 0.094 

0.037 0.030 

at 
0) 
N 

c.. 
l> 
Z 
m 
~ 
OJ 
lJ 
l> 
Z 
en 
C 
m 
~ 
l> 
Z 
C 
G) 
l> .... 
r-

~ 
::a::: m 
lJ 



!
." 
=r 
~ 
(') 

if 
? 
::D 
~ 

j 
~ ..... 
,!'-) 
Z 
P 
~ ..... 
CD 
C» 
Co) 

Table 5. Partial cross sections (0 ) for the process H + AZ+ ~ H+(n) +A(Z-l)+ given in units of 10t16cm2 (coritinued). 
n 

~ \11 E/M 1 2 3 4 5 6 7 8 9 10 12 
(keV/u) 

H_08+ 

50 0.548 5.09 10.0 7.~9 4.33 1.95 0.990 0.604 1°·321 
100 0.387 1.35 2.41 2. 1 1.96 1.58 1.18 0.908 0.724 0.665 

Ref [65] 
I 

200 0.032 0.147 0.300 0.~51 0.332 0.308 0.267 0.222 1°·186 0.158 

Ref [62] 

H_F9+ 

0.5 26.2 48.~ 0.047 
1.0 0.064 29.8 38.~ 0.034 

10 2.24 32.8 15. r 0.01 
25 4.04 30.7 10.0 0.01 

Ref [16] 
I I 

50 0.213 0.321 10.4 110.~ 6.75 2.88 1.34 0.873 1°·562 

Ref [65] 
I 

i 

H_Ne 1O+ 

0.5 5.56 
66.' 

8.79 
1.0 9.05 63.1 6.30 

10 0.036 18.9 40.1 2.09 
25 1.17 20.4 30.3, 1.33 

Ref [16] 
I 

I 

1.0 0.052 0.421 4.11 12.8 52.01 
5.0 0~15l 0.889 14.3 42.21 

10 0.194 1.93 15.9 29.3, 8.67 0.815 
25 () 0.836 3.59 12.7 18.8 12.3 5.57 1.92 
50 0.801 2.99 6.88 9.02 8.23 6.32 4.21 2.74 

100 0.008 0.464 1.51 2.66 3.21 2.96 2.55 ·2.14 1.69 
200 0.010 0.2ot 0.472 0.654 0.692 0.625 0.527 0.435 0.354 
500 0.0012 0.0233 0.0314 0.0316 0.0 76 0.0216 0.0177 0.0143 0.0111 

Ref [24] 

I 

L3 14 

D.421 0.350 

0.132 0.115 

-- _. 

I 

o 
:0 
o 
en 
en 
en m o 
-I o 
Z 
C 

~ 
." 
o 
:0 
o 
::J: 
l> 
::D 
G') 
m 
m 
>< o 
::t » 
Z 
G') 
m 

co en w 



~ 

" J 
(") 
:r 
CD 

i3 
:D 
~ 

J 
~ 
..a. 
,!') 
Z 
P 
JA ... 
CD 
m 
~ 

Iz+ + (Z-l)+ . .L16 2 
Table 5. Partial cross sections (o_) for the process H + A + H (n) + A given in units of 10 I cm (continued). 

--
I 

~ E/M 1 2 3 4 5 6 7 8 9 10 ill 12 
(keV/u) 

H-Ne lO+ 

50 1.51 7.50 11.6 10.2 4.94 2.27 1.11 iO.670 . 0.379 
100 0.801 1.99 2.~7 3.07 2.68 2.42 1.85 i 1.54 1.25 

I 

Ref [65] 
; 

H-Na ll+ 

0.5 0.26 40.0 56.0 0.79 
1.0 0.96 43.<) 43.9 0.57 

Ref [16J 
I I 

ll_Mg12+ 

0.5 14.0 77.4 15.6 0.04 
1.0 0.04 19.4 70.3 11.3 0.03 

10.0 2.46 30. i 39.4 3.86 
25.0 0.10 4.83 29.~ 38.8 2.49 

Ref [16] 

I 

13 14 

0.289 
0.965 0.758 

CD 
en 
.ca. 

c.. » z 
m 
~ 
m 
::D » 
Z 
fJ) 
c 
m 
~ 
» z 
c 
G) 
» 
r-

~ 
::::t: 
m 
::D 



CROSS SECTION DATA FOR CHARGE EXCHANGE 865 

100~0_._1~~~~~~~~1~0 __ ~~~1~00 __ ~~~1~00~0~100 
" = 1481 
K = 1131 
c = 1631 
" = 1681 
+ = 1701 
" = 1731 
.. ~ 122) 
0=(42) 

--. 
'" E 
u 

~ 
S? 
'--" 

b 

10 
• = 1381 
c = 177E1 
• = 178EI 
0= 142El 

o .1-+---r--r"T"TTT't".,.........,..'"'T"TT'!M'TTr---r-.,...,:-TTTTIT--"'''r-T"TTn~~ 
0.1 10 100 

ElM (keV/u) 
1000 

10 

0.1 
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